The spectrum of the molecular eigenstates (ME) belonging to the various rotational members of the 1B3u (0-0) transition of pyrazine was measured with a very narrow band laser in a molecular beam with a Doppler width of 30 MHz.
INTRODUCTION
The theory of radiationless transitions from electronic states of molecules appears to be well understood. When molecules are large, the state excited by light is coupled to such a dense manifold of vibronic states of a lower lying electronic state that one can apply Fermi's Golden Rule and short (compared to the radiative rate) exponential decay together with a low quantum yield is observed. When, on the other hand, a small molecule is excited, the total density of states at the frequency of the light is so small, that in general only one state is excited within the bandwidth of the exciting light, and pure, but lengthened, exponential decay is observed. The radiative 78 B.J. VAN DER MEER et al. strength of the "light" state is diluted by the interaction over the background states. The case of "intermediate level structure" is perhaps most interesting, because depending on the coherent width of the exciting light source, either one or more states can be excited, and the dependence of the radiationless transition on the preparation of the state can be demonstrated.
This paper reports on a study of these effects for the radiationless transition of the 1Bau state of pyrazine. By observing spectra and decays in a supersonic nozzle the effect of rotations and nuclear spin could be observed as well. 8 A measurement of the Intermediate Level Structure allowed a quantitative determination of the matrix elements responsible for Intersystem Crossing.
EXPERIMENTAL
The high resolution spectra were obtained at the University of Nijmegen using a modified Spectra Physics ring laser (bandwidth 200 kHz), intracavity doubled by a lithium iodate crystal. We were able to scan more than 100 GHz at the time. 2 The molecular beam in this case was produced in a supersonic expansion of a mixture of argon and pyrazine through a 100 Ixm nozzle at a total backing pressure of 7 atm. In order to reduce the Doppler width the molecular beam was collimated by two skimmers placed at 2.5 and 15 cm from the nozzle using differential pumping. The only one rotational transition occurs (J' 0, K' 0 J" 1, K" 0 and J' 1, K' 0 --J" 0, K" 0, respectively), while for higher members of the P and R branches transitions from various K-states will occur in the same region. In Figures l a and lb we display the spectra of the molecular eigenstates belonging to P(1), P(2) and R (0) and R(1), respectively. Note that they are widely separated in frequency. The first moments I(E)E dE of the intensities of the band gives the position of the "original" singlet, and these positions have been indicated by $. The frequencies of these "original" transitions with respect to the center of the rotational spectrum have been given as well. In Table I we have collected the energies and the intensities of the P(1) and R (0) members of the eigenstate spectrum. We then have a rather unusual problem: Given a set of eigenvalues (the energies of the transitions) and a set of amplitudes of one (singlet) state (the square roots of the intensities of the transitions) dediagonalize the matrix to the form representing the interaction of one state with (N-1) mutually orthogonal others.
This matrix has N diagonal elements and N-1 different nondiagonal elements. For the solution we have (N 1) energy differences and N amplitudes. Together with the requirement of ortho-normality for the states we thus get 2N-1 non-linear equations, which should be solved numerically. With a little luck such solutions were found by standard computational procedures for the P(1) and R(0) members. The results for P(1) are given in Figure 2 , where we display the basis set of singlets and triplets, as well as the molecular eigenstates with their singlet amplitudes. In Figure 3 we give the matrix representing the singlet triplet interaction for the P(1) region. FIGURE lb The molecular eigenstate spectra of the R (0) and R(1) members.
It should be noted that this is the simplest treatment one can give to this problem. It only separates the radiative state from the nonradiative ones. The singlet is certainly the J 0, K 0 (P(1)) or the J 1, K 0 (R (0)) rotational state of the 1B3u (0-0) electronic state, but about the nature of the triplets no information is gathered. Reconstitution of decays from the ME-spectrum Since the ME-spectrum basically contains the (square of) amplitudes in to-space, using linear response theory one should in principle be able to reconstruct decays by Fourier-transforming the (square root of the) spectrum to find the equations of motion of these amplitudes in t-space. Since we are dealing with a quadratic process (the light emitted is proportional to the square of the singlet amplitude), we should square the Fourier transform to obtain the actual decay, which can then be compared with experiment. In general, however, this decay will consist of various beats and small changes in This all being so, it appears best to assign a constant lifetime to the ME's, which in the reconstruction means convoluting the stick spectrum of amplitudes, obtained after taking the square roots of the stick spectrum obtained after removal of the Doppler widths, with a complex Lorentzian of a width of 1 MHz: A (to) (R) L(to to). To obtain the part of these amplitudes that is excited we should multiply with a (Gaussian) function of the laser amplitude G(to-tOo), centered at too: E(to)={A(to)(L(toi-to)}. G(to-tOo). To obtain the decay we should then calculate IFT(E(,o))I = and finally Fourier transform this quantity to obtain a spectrum of the beats in the decay"
FTIFT(E(a,))I:. This result can then be compared to the Fourier transform of the experimentally determined decays, and if linear response theory holds, they should be the same! Such a comparison for the decays of the P(1) ME's is made in Figure 5 for a decay of an excitation with our 300 MHz (fwhm) laser somewhere in the center of the ME-spectrum, where we think our laser is positioned. Apart from amplitudes (but they depend strongly on position) the agreement is excellent. The larger the coherent width of the laser, the more frequencies will turn up in the decay. In Figure   6 we therefore compare a reconstruction of a decay with the Fourier transform of a beat pattern obtained by the chairman of this conference and his co-workers, 6 using a picosecond laser with a width of about 60 GHz, well exceeding the whole width of the ME spectrum.
Again, the agreement is very satisfactory. All the frequencies that we obtain (up to about 1000 MHz, the limit of their time-detection) are also contained in their "spectrum". They do have some extra peaks, probably because their laser is so broad they also excite part of the Q or P(2) members, leading to some frequencies arising from those ME-spectra. for A//A -= 5 at J 4 in the P-branch. They take this to mean that the number of states involved in the interaction of a rotational state goes up linearly with J. Our ME spectra, however, appear to indicate otherwise. In Table II we give the number of states (N) "counted" in the ME-spectra, going from P(4) to R (3). Although this number appears to go up, one should realize that these spectra are incoherent super positions of (2J + 1) K-transitions in the Pbranch and (2J-1) K-transitions in the R-branch. Dividing by 2J + 1 and 23"-1 respectively yields a fairly constant value around 6-15, which would mean that the number of states involved in the interaction is essentially independent of J. Nevertheless We can conclude, however, that linear response theory works for the P(1) and R (0) members of the 1B3u (0-0) transition of pyrazine, and in these regions the decays for any position or width of a laser can be reconstructed from the ME spectrum. 
